Stabilization of central carbohydrate metabolism plays a key role in plant stress response. Carbohydrates are substrate for numerous metabolic and stress-responsive reactions and have been shown to be involved in diverse signalling processes on a whole-plant level. Regulation of enzymatic sucrose synthesis and degradation is well-known to be central to many stress-related processes as it significantly impacts stress tolerance. Leaf sucrose metabolism involves sucrose cleavage by invertases and ATPconsuming resynthesis catalysed by hexokinase and sucrose phosphate synthase. These reactions establish a metabolic cycle. To study the physiological role of sucrose cycling, a kinetic model was developed to simulate dynamics of subcellular sugar concentrations in Arabidopsis thaliana under combined cold and high-light stress. Model simulation revealed that subcellular reprogramming of invertase-driven sucrose cleavage varies substantially between natural accessions of Arabidopsis which differ in their cold tolerance levels. A stress-induced shift of sucrose cleavage from the cytosol into the vacuole could only be observed for the tolerant accession while the susceptible accession increased the cytosolic proportion of sucrose cleavage. Under stress, reduction in vacuolar invertase activity significantly affected maximum quantum yield of photosystem II and CO 2 assimilation rates. While wild-type plants circumvented a limitation of sucrose cleavage by increasing vacuolar invertase activity, mutant plants were not able to compensate their deficiency of vacuolar by cytosolic activity. Consequently, the capacity for cytosolic hexose generation was lower than for enzymatic hexose phosphorylation suggesting a role of vacuolar invertase activity in preventing a limitation in cytosolic hexose metabolism under stress.
Introduction
Numerous abiotic stress conditions severely affect plant growth and reproductive success. Water deficit and drought, cold and light stress affect a high proportion of global land area and, therefore, also plant growth and productivity [1] . The abiotic stress response of higher plants is characterized by a comprehensive reprogramming of molecular, biochemical and physiological processes enabling plants to survive and acclimate to a changing environment. While our understanding of plant stress response and acclimation has tremendously improved, for example, in context of transcriptional regulation [2] , signalling processes [3] or physiological response [4] , the predictive power of current models on abiotic stress response is strongly limited. Among others, this limitation is due to a highly compartmentalized and interlaced regulatory network comprising a multitude of regulatory feedback loops and fast-reacting signalling compounds, for example, reactive oxygen species (ROS), affecting numerous molecular processes [5] .
Complexity further increases if response to a combination of (abiotic) stress factors is analysed as they occur in the field. Due to synergistic effects and the high plasticity of plant stress response this frequently leads to observations being difficult to interpret. However, particularly with regard to natural variation in stress response or climate change effects, it stands to reason to consider such stress combinations [6] . Previous studies have proven usefulness of combined stress studies. For example, the transcriptomic analysis of 10 natural accessions of Arabidopsis thaliana under cold, heat, high-light, salt and flagellin treatments as well as combinations of those revealed that more than 60% of transcriptome changes in response to double stress treatments were not predictable from single stress experiments [7] . Furthermore, as outlined earlier, multiple stresses can interact negatively or positively with regard to plant performance [8] . For example, under combined drought and heat stress, growth of Arabidopsis was significantly reduced, and additive effects on plant performance could be separated from stressspecific effects [9] . In contrast, the combination of ozone and drought stress dramatically cancelled effects which were observed under ozone and drought stress alone [10] . Dampening of ozone response was discussed to occur due to drought-induced stomatal closure.
Also the combination of low temperature and increasing light intensity represents a common environmental setup in the field, for example, during sunrise on a cold morning [11] . Low temperature has been shown to significantly affect performance and distribution of plants [12, 13] . Following exposure to low but nonfreezing temperature, many herbaceous plant species, including Arabidopsis thaliana, can increase their freezing tolerance in a complex process termed cold acclimation. For a collection of more than 70 natural accessions of Arabidopsis from across its native Western Eurasian range a significantly positive correlation between freezing tolerance and latitude of origin has been found [14] , which makes it an attractive system to study the physiology of plant cold tolerance and cold acclimation. Many studies have provided evidence for a crucial role of the central carbohydrate metabolism in natural variation of freezing tolerance, cold acclimation and deacclimation in Arabidopsis (see, for example, [15] [16] [17] [18] [19] ). A tightly regulated interaction of carbohydrate metabolism with the TCA cycle, amino acid metabolism and flavonoid biosynthesis under cold and high-light conditions has been observed before [20] . Additionally, subcellular distribution and transport of carbohydrates between plastids, cytosol and vacuole has been shown to be crucially involved in stress-induced reprogramming and stabilization of metabolism [21] [22] [23] [24] . This implies a strong correlation between cold stress response, photosynthetic performance and the response to different light regimes. Previous studies have shown that a combination of cold and light is required to trigger enhanced freezing tolerance [25] and for the enhanced expression of several cold-responsive genes. [26] . Comparing a combined cold/light with a cold/dark treatment revealed that expression of cold-responsive genes was only enhanced in combination with light [27] . While these observations show the dependence of cold stress and acclimation response on a minimum of light, excess light at low temperature leads to an imbalance of absorbed light energy by photochemical reactions and energy utilization in metabolism. This results in ROS formation and photoinhibition due to an imbalance between photodamage of PSII and its repair. Low temperature suppresses the de novo synthesis of the D1 protein [28] and also inhibits the processing of the precursor of the D1 mature protein [29, 30] . In contrast, high-light intensities cause a net loss of PSII activity although repair of PSII in vivo is very efficient over a large range of light intensities [31] . Consequently, merging high-light with low-temperature stress results in a combination of PSII damage and reduced repair activity.
In the present study, we exposed two natural accessions, Rschew and C24, with differential freezing tolerance and of different geographical origin to (i) cold stress and (ii) combined cold/high-light stress. Analysis of subcellular sugar dynamics in combination with kinetic model simulation indicated a stress-responsive role of vacuolar invertase activity in stabilizing carbohydrate metabolism. Analysis of metabolic stress response in a vacuolar invertase-deficient mutant supported these observations providing further evidence for a role of vacuolar invertase in stabilizing cytosolic carbohydrate metabolism during stress exposure.
Results

Stress-induced reprogramming of the primary metabolism
The multivariate analysis of stress-induced reprogramming of primary metabolism in both analysed natural accessions, C24 and Rsch, revealed a dominant effect of absolute hexose concentrations on separation of control from cold stressed plants ( Fig. 1 ; an overview of all loadings for PCA with and without autoscaling is provided in Fig. S1A,B) . Absolute sucrose concentrations were found to have the strongest effect on separation of both genotypes under combined cold/ high-light stress (Fig. 1) . While sugar concentrations also significantly increased in C24 under both stress conditions, this increase was always stronger in Rsch (Fig. 2 ). When exposed to 5°C, sucrose concentration doubled in C24 while it increased threefold in Rsch (Fig. 2E,F) . When light intensity at 5°C was increased from 80 to 320 lmol m À2 s À1 , sucrose concentration in Rsch increased again threefold (compared to control: ninefold), while it stayed constant in C24 (compared to control: twofold) (Fig. 2E,F) . Also, glucose and fructose concentrations showed a significant increase under low temperature always resulting in higher levels in Rsch than in C24 ( Fig. 2A-D) . While in Rsch both hexose concentrations increased significantly from cold to combined stress conditions (P < 0.01), in C24 no significant change could be observed, and glucose concentration was rather decreasing (P = 0.078) than increasing (Fig. 2C) . In summary, sucrose and hexose concentrations showed a highly significant effect of genotype, condition and the combination of both factors (ANOVA, P < 0.001).
Subcellular distribution of sucrose cleavage
Due to the observed significant differences in sucrose and hexose dynamics between C24 and Rsch, the activity of neutral (cytosolic) and acidic (vacuolar) invertase was analysed due to its significant impact on the cellular sucrose/hexose ratio [32] (Fig. 3) . In addition, the subcellular distribution of invertase reaction substrate and product, that is, sucrose, glucose and fructose, between plastids, cytosol and vacuole was determined by applying a nonaqueous fractionation technique [24] (Fig. 4) .
The activity of neutral invertase showed a significant increase in C24 under combined stress while it only slightly increased after cold exposure (Fig. 3A) . In Rsch, no significant change in neutral invertase activity was observed across all conditions but activity was rather decreasing than increasing (Fig. 3B) . In C24, acid invertase activity was significantly higher than in Rsch under all conditions ( Fig. 3C,D ; P < 0.05). The activity peaked after 24 h of cold exposure and slightly decreased under combined stress conditions (Fig. 3C) . Acid invertase activity of Rsch increased during cold exposure and reached a significantly higher level under combined cold-and high-light conditions compared to control plants (P < 0.05; Fig. 3D ). The subcellular distribution of sucrose, glucose and fructose showed strong stress-induced dynamics which differed between C24 and Rsch, particularly with respect to cytosolic and vacuolar distribution (Fig. 4) . In both accessions, the plastidial concentration of all three sugars increased during cold and combined cold/ high-light stress and the increase was more pronounced in Rsch (Fig. 4A) . Similarly, cold exposure resulted in an increase in all sugars in the cytosolic and vacuolar compartment of both genotypes (Fig. 4B,C ). Yet, when cold exposure was combined with high-light exposure, cytosolic and vacuolar sugar concentrations in C24 either decreased (glucose) or remained constant (fructose and sucrose; Fig. 4B,C) . In Rsch, combined stress resulted in a strong increase in vacuolar sugar concentrations as well as cytosolic sucrose concentration (Fig. 4B,C) . Hence, in summary, the combination of cold and high light uncoupled subcellular sugar dynamics between both accessions.
Kinetic modelling of stress-induced subcellular sugar allocation
To functionally combine experimental results of both enzyme kinetics and subcellular sugar concentrations, a mathematical model was developed to simulate reaction rates of sucrose cleavage within the cytosol (neutral invertase), the vacuole (acid invertase) and potential sugar transport between both compartments. The mathematical model comprised six ordinary differential equations describing dynamics in cytosolic and vacuolar concentrations of sucrose, glucose and fructose. For model simulation, experimentally determined subcellular sugar concentrations were used together with the kinetic parameters for invertase of the present as well as a previous study [23] . To approximate in vivo kinetics of invertase enzymes in leaf metabolism at 22°C (control condition) and 5°C (stress conditions), measured enzyme activities were recalculated to incorporate the thermodynamic effects of cold treatment using the Arrhenius equation as described earlier [33] . Information about the model structure, kinetic parameters, Arrhenius equation and an SBML model is provided in the supplement (Figs. S3-S6) .
Simulation results revealed an opposite trend of stress-induced subcellular sucrose cleavage rates in both considered accessions (Fig. 5) . Already under control conditions, the mean ratio of vacuolar versus cytosolic invertase reaction rate was more than 20-fold higher in C24 resembling the experimentally determined ratio of acid and neutral invertase activity (see Fig. 4 ). Under cold and combined cold/high-light stress the mean ratio constantly decreased in C24 (Fig. 5A ) while it constantly increased in Rsch (Fig. 5B) . Conclusively, not only the experimentally determined invertase activities, which were measured under optimum temperature and substrate saturation, showed a different stress-related pattern between C24 and Rsch but also the simulation of thermodynamically adjusted subcellular reaction rates indicated a clearly different regulation of subcellular sugar metabolism during stress exposure.
Vacuolar sucrose cleavage prevents a limitation of cytosolic hexose metabolism at sub-zero temperature
To evaluate whether the observed vacuolar shift of sucrose cleavage in the freezing-tolerant accession Rsch has an immediate physiological effect on photosynthesis during stress exposure, chlorophyll fluorescence parameters were recorded under control, cold and cold/high-light conditions. Additionally, inv4 plants, which were significantly deficient in vacuolar invertase activity, were analysed together with the wild-type Col-0. Comparing maximum quantum yield of photosystem II, Fv/Fm, revealed only slight differences between C24 and Rsch (Fig. S7 ). Yet, comparing Col-0 with inv4 plants indicated a potentially reduced capability of inv4 to stabilize Fv/Fm under combined cold/high-light conditions (Fig. S7 ). To further investigate a potential impact of reduced vacuolar sucrose cleavage on stabilization of photosynthesis and metabolism under combined stress conditions, plants of C24, Rsch, Col-0 and inv4 were exposed to a severe stress condition, combining a stronger increase in light intensity (PAR 500 lmol m À2 s
À1
) and low temperature in a subzero range (leaf temperature after 10 minutes at -2.5°C). This scenario was similar to a previous experiment where differential ROS-scavenging capacities between C24 and Rsch became observable after increasing light intensity at subzero temperature [33] .
Already after 10 minutes of stress application, the maximum quantum yield of photosystem II, Fv/Fm, was significantly lower in C24 than in Rsch (Fig. 6A , C). After 30 min, Fv/Fm of C24 decreased to~50% of Rsch. Comparing inv4 to Col-0 revealed a similar picture (Fig. 6B ). However, after 30 min Fv/Fm of inv4 was found to be significantly lower than in Col-0 (Fig. 6B ). In addition, parameters of photochemical and nonphotochemical quenching were determined using rapid light curves with an increasing photosynthetically active radiation (for details see Materials and Methods). While no genotype-specific difference was observed for C24 and Rsch, nonphotochemical quenching was significantly lower in inv4 than in Col-0 after 30 min of stress application (ANOVA, P < 0.001; see Figs. S8 and S9). To (Fig. S2 ).
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The FEBS Journal 285 (2018) 4082-4098 ª 2018 Federation of European Biochemical Societies evaluate if the observed effects of vacuolar invertase deficiency on photosystem constitution might be reflected by other enzyme activities of the central carbohydrate metabolism, cellular invertase activities together with hexose phosphorylation capacity, that is, hexokinase activity, were recorded before and after stress treatment (Fig. 7) . Under control conditions, inv4 plants displayed~3% of the wild-type vacuolar invertase activity (t-test P < 0.01; Fig. 7A,B) . Neutral invertase activity was also significantly reduced in inv4 to~30-50% of Col-0 (t-test P < 0.05; Fig. 7A ,B) while no significant effect was observed for cell wall-associated invertase activity between both genotypes. A similar effect was also observed on the mRNA level for cytosolic invertase 1 (cInv1; AT1G35580) and vacuolar invertase AtßFRUCT4 (AT1G12240; Fig. S10 ). The cINV1 gene has previously been described to be the most abundantly expressed cytosolic invertase gene [34] and, hence, was assumed to be a suitable candidate to reflect findings of neutral invertase activity measurements on the transcriptional level. These findings suggested that transcriptional regulation of cINV1 was affected in the inv4 background and contributed to the observed discrepancy of neutral invertase activity between Col-0 and inv4.
Vacuolar invertase activity increased in both genotypes while activity of nInv and cwInv decreased significantly under stress (P < 0.05; Fig. 7A,B) . In total, the severe stress application resulted in a maximal intracellular invertase activity (without cell wall-associated invertase activity) of 35 lmol Suc h À1 gFW À1 in Col-0 and 4 lmol Suc h À1 gFW À1 in inv4. The sum of hexose phosphorylation capacity, that is, glucokinase and fructokinase activity, was found to significantly increase in both genotypes while the stress-induced increase in hexose phosphorylation capacity was more pronounced in Col-0 than in inv4 (Fig. 7C,D) . Under subzero conditions, the maximal cellular hexose phosphorylation capacity of inv4 plants (10 lmol C 6 h À1 gFW À1 ) was higher than the rate of hexose release by invertase-driven sucrose cleavage (2*4 lmol h
. In Col-0, the capacity for sucrose cleavage by intracellular invertase activity was five-to sixfold higher than the hexose phosphorylation capacity (2*35 lmol h À1 gFW À1 C 12 = 70 lmol
To further investigate whether hexose generation limits photosynthesis and carbohydrate metabolism in inv4 plants under combined stress conditions, rates of CO 2 assimilation were determined together with total and subcellular sugar concentrations (Fig. 8) . Net CO 2 assimilation rates were recorded at 22°C before and after 30 min of subzero stress exposure (Fig. 8A,B ). However, also the standard deviation of net CO 2 assimilation rates increased under these conditions and significance was only detected to a level of 10% (t-test; P = 0.1).
While total sucrose concentration was slightly higher in inv4 than in Col-0, sugar concentrations in both genotypes did not change significantly during 30 min of combined subzero stress treatment (Fig. 8C,D) . However, in Col-0, stress exposure resulted in increased mean concentrations of cytosolic glucose (Fig. 8E) . In inv4, cytosolic concentrations of sucrose and glucose decreased during stress while an increase was observed in the vacuole (Fig. 8F) .
Stress-induced reprogramming of energy metabolism
Based on the observation of a potentially deregulated hexose and hexose phosphate metabolism during combined stress in inv4, ADP, ATP and hexose phosphate levels were analysed for Col-0 and inv4 under control and stress conditions (Fig. 9) . Results revealed a stress-induced significant increase of ADP concentration in inv4 while levels in Col-0 slightly decreased (Fig. 9A) . Furthermore, ATP significantly increased in both genotypes under stress resulting in a level which was twofold higher in Col-0 than in inv4 (Fig. 9B) . Also, levels of hexose phosphates increased significantly in both genotypes while no significant difference between genotypes was detected (Fig. 9C ).
Discussion
Regulation of carbohydrate metabolism is central to plant growth, development and stress response. Carbohydrates are direct products of photosynthetic CO 2 fixation and are substrate for biomass accumulation, biosynthesis of other organic molecules and play a central role in gene expression and signalling under abiotic stress [35, 36] . A characteristic response of many plants to cold stress is the fast and significant increase in soluble sugar concentrations which was also observed in the present study after 24 h at 5°C in both analysed natural Arabidopsis accessions, C24 and Rsch. The increase in sucrose, glucose and fructose concentrations was stronger in the more cold-and 
4090
The FEBS Journal 285 (2018) 4082-4098 ª 2018 Federation of European Biochemical Societies freezing-tolerant Rsch accession which is in accordance with previous findings [23] . Yet, under combined cold and high-light stress, only Rsch continued to significantly increase sugar concentrations while concentrations in C24 were only slightly affected (sucrose and fructose) or even dropped again (glucose, see Fig. 3 ). Multivariate data analysis revealed a strong impact on the separation of genotype and condition by sucrose dynamics (see Fig. 1 ), and subcellular sugar concentrations differed in dynamics and absolute values of both natural accessions, particularly under combined stress conditions (see Fig. 4 ). While in the freezing tolerant accession Rsch all subcellular sugar concentrations increased both during cold and combined stress, the cytosolic and vacuolar sugar concentrations in C24 remained constant or even decreased under combined stress. The accumulation of soluble sugars during cold acclimation is a well-described phenomenon (see, for example, [26, 37] ). Yet, underlying biochemical and regulatory mechanisms are less clear [38] . Predominantly, this is due to diverse roles of sugars and involved enzymes in osmoregulation, cryoprotection, membrane stabilization, signalling and ROS scavenging [32, [39] [40] [41] [42] [43] . In previous studies, the sucrose biosynthesis pathway was shown to be a limiting factor in cold acclimation [33, 41] . A balance between rates of carbon fixation and sucrose biosynthesis is a prerequisite for optimal rates of photosynthesis preventing the depletion of Calvin cycle intermediates or inorganic phosphate (P i ) which would result in inhibition of ATP synthesis and Rubisco inactivation [13] . Additionally, sucrose is constantly cleaved and resynthesized in a cyclic reaction, balancing carbohydrate levels, phosphorylated intermediates and cellular energy metabolism [44] [45] [46] . Invertase catalyses the hydrolytic cleavage of sucrose and, thereby, strongly affects cellular sucrose concentration by degradation. As a consequence, invertase reactions and other sucroseconsuming processes, for example, export to sink organs, substantially influence the physiologically relevant reaction equilibrium of sucrose biosynthesis in leaves by reducing the product concentration. In addition to sucrose cleavage, also its cyclic resynthesis involving the activity of hexokinase significantly affects and stabilizes cellular sucrose concentrations. Cytosolic hexokinase activity typically limits sucrose cycling in wild-type Arabidopsis [46, 47] and deficiency in glucokinase activity has previously been found to result in leaf sucrose accumulation and enhanced root respiration [48] . This suggests a pivotal role of leaf sucrose cycling in whole-plant carbohydrate metabolism. Thus, stabilizing the equilibrium between sucrose cleavage and (re)synthesis is essential for plant performance. Here, inv4 was found to have a higher capacity to phosphorylate hexoses than to generate them by invertasedriven sucrose cleavage shifting the reaction equilibrium to sucrose biosynthesis rather than sucrose cleavage. This might reduce the impact of hexose-driven feedback inhibition of invertase reactions and lead to the observed accumulation of ADP, ATP and hexose phosphates until hexokinase activity is efficiently blocked by feedback regulation (see Fig. 9 ). In the wild-type, this situation might be circumvented by a more efficient hexose-driven inhibition of invertase reactions which potentially prevents unbalanced ADP/ ATP accumulation. Finally, balancing the cellular ADP/ATP ratio is essential for stabilizing photosynthesis, for example, by preventing phosphate depletion in the chloroplast [13] . Hence, the observed disbalanced ADP/ATP ratio in inv4 potentially arises from a deregulated sucrose cycling and results in a faster decrease in maximum quantum yield of photosystem II and CO 2 assimilation rates during stress. Accordingly, photosystem II performance in C24 under moderate combined stress conditions was affected slightly stronger than in Rsch. At subzero temperature, this effect was more pronounced and resulted in significantly lower values of Fv/Fm in C24 already after 10 minutes. Conclusively, these observations suggest vacuolar sucrose cleavage to be involved in metabolic stabilization of photosynthetic performance. In line with these observations, the inv4 mutant displayed a stronger stress-induced impairment of photosystem II and CO 2 assimilation rates than Col-0. A reduced CO 2 uptake under ambient conditions has been observed for the inv4 mutant before, both grown on soil or in hydroponic culture [47, 49] . In accordance with the present study, at midday, neutral invertase activity was previously found to be lower in inv4 than in Col-0 [47]. Our data suggest that reduced measured neutral invertase activity is, at least partially, due to reduced transcription of cInv1 which might further contribute to a limitation of cytosolic hexose generation. However, particularly under stress conditions, activity of acid/vacuolar invertase differed much stronger between Col-0 and inv4 than neutral/cytosolic invertase activity. This indicates that vacuolar sucrose cleavage significantly contributes to stabilization of cytosolic hexose metabolism and photosynthetic CO 2 uptake under environmental stress conditions. If temperature drops below 0°C, intracellular ice formation induces membrane lesions and extracellular ice nucleation causes cell dehydration [50] . Several studies have provided evidence for a central role of invertase in response to drought and water stress [51] [52] [53] . In mature maize leaves, Trouverie and colleagues observed a fast and strong increase in vacuolar invertase and hexose levels after exposure to water deprivation [53] . Another study identified a tonoplast-located monosaccharide transporter, ESL1, which was suggested to function in coordination with vacuolar invertase and to regulate osmotic pressure by sugar accumulation [54] . While those findings point to a role of invertase activity in regulating cellular osmotic pressure during drought, it is unclear if it has a similar function under cold and freezing stress. Previously it has been reported that inhibition of vacuolar invertase had no effect on basic freezing tolerance of nonacclimated plants of the accessions C24 and Col-0 [32] . Furthermore, this study showed that increased sucrose concentrations and sucrose-to-hexose ratios are not sufficient to improve basic freezing tolerance. While those findings are related to freezing tolerance information gained from electrolyte leakage measurements and, hence, do not reflect the experimental setup in the present study, it still rather questions the role of vacuolar invertase in adjusting osmotic pressure during acute low temperature stress. This is further supported by the finding that during early low temperature response, the cold susceptible accession C24 has a higher vacuolar invertase activity (see Fig. 3C,D) than the tolerant accession Rsch, yet being significantly less freezing tolerant [55] . Conclusively, a separate interpretation of stress-induced dynamics of sucrose and hexose concentrations and invertase activity hardly provides a conclusive and mechanistic picture of subcellular stress response of carbohydrate metabolism. In contrast, kinetically connecting substrate and product concentrations with enzyme activity to simulate subcellular in vivo fluxes reveals a more realistic picture of sucrose-hexose ratios in context of metabolism. The ratio of simulated vacuolar and cytosolic invertase fluxes revealed a strong decrease during cold and combined stress conditions in the susceptible accession while in the tolerant accession, the ratio clearly increased (see Fig. 5 ). The increasing proportion of vacuolar sucrose cleavage in Rsch may provide an explanation for its stronger increase in cytosolic sucrose concentration when compared to C24; whereas, in Rsch, cytosolic invertase activity was found to decrease during stress, it increased in C24, particularly under combined stress condition (see Fig. 3A ). Cytosolic sucrose is substrate for other stress-relevant metabolites, for example, for raffinose [56] . Furthermore, cytosolic sucrose is involved in signalling processes, ROS scavenging and membrane stabilization being central to abiotic stress response and acclimation [38] . Thus, a stress-induced shift of sucrose cleavage from the cytosol into the vacuole might be preliminary for cytosolic sucrose accumulation which is essential for a coordinate and efficient plant stress response.
Material and methods
Plant material
Plants of Arabidopsis thaliana accessions, Columbia (Col-0), C24 and Rschew (Rsch), as well as of the T-DNA insertion line AtbFruct4 (SALK_100813; AT1G12240; inv4) were grown within a growth cabinet under fully controlled conditions (Conviron Ò Adaptis). Light intensity under control condition was 80 lmol m À2 s À1 in a 12/12 h day/night cycle. Relative air humidity was 60% and temperature was 22°C during the day and 18°C during the night. All plants were grown on soil which was composed of Einheitserde Ò ED63 and perlite. Plants were watered daily and fertilized once with NPK fertilization solution (WUXAL Ò Super; MANNA°-D€ unger, Ammerbuch). For the cold stress experiment, plants of Rsch, C24, Col and inv4 were exposed to 5°C for 24 h. For the combined cold-light stress experiment, plants were subsequently exposed to a fourfold higher light intensity, that is, 320 lmol m À2 s À1 , at 5°C for 3 h. All samples were collected at the middle of the light phase, that is, 6 h after light on, except for the samples of the combined stress experiment which were taken after 9 h in the light phase (6 h cold + 3 h cold/light). Each sample consisted of three leaves from three different plants which were grown in three different pots. Samples were immediately quenched in liquid nitrogen and stored at -80°C until experimental analysis. For the invertase validation experiment at subzero temperature, plants of C24, Rsch, Col-0 and inv4 (SALK_100813; AT1G12240) were exposed to low temperature (leaf temperature -2.5 AE 0.5°C, Fig. 6C ) and PAR intensity of 500 lmol m À2 s À1 . Light source was a LEDpanel and actual leaf temperature was estimated using an infrared thermometer (Basetech Mini 1).
Chlorophyll fluorescence measurements and CO 2 assimilation
Parameters of chlorophyll fluorescence were recorded on single leaves using a WALZ MINI-PAM II/B (Heinz Walz GmbH, Germany). For measurement, the genotypes Col-0 and inv4 as well as C24 and Rsch were subjected to the severe stress condition (-20°C and 500 lmol m À2 s
À1
) in parallel. The first measurement, that is, control measurement, was performed with plants at room temperature after dark adaptation over 5 min. Initially, dark adaptation periods of 5 min and 20 min were compared, yet no significant effect on Fv/Fm could be detected (data not shown). Calculation of nonphotochemical fluorescence quenching, NPQ, was according to the Stern-Volmer equation for fluorescence quenching [57] . Then, every 10 min during the stress application, a plant was dark adapted for 3 min at -20°C and a "Rapid Light Curve (RLC)" was recorded at 22°C over 5 min. The RLC protocol was applied in order to rapidly investigate the photosynthetic apparatus across a wide PAR range with a minimal alteration of photosynthetic properties [58] . Although such short dark adaptation periods might become critical for full oxidation of plastoquinone electron acceptors, this setup was chosen in order to minimize effects of the temperature shift. The intensities of photosynthetically active radiation (PAR) were 0, 25, 40, 60, 85, 120, 185, 280, 410, 620, 810, 1130 and 1470 lmol m À2 s À1 which were each applied for 20 s.
Rates of CO 2 assimilation were measured on whole leaf rosettes using the portable gas exchange system WALZ GFS-3000 in combination with measuring head WALZ 3010-S and Arabidopsis cuvettes (Heinz Walz GmbH, Germany).
Nonaqueous fractionation of leaf material
Subcellular metabolite levels were determined applying the nonaqueous fractionation technique as described previously [24] . Finely ground and lyophilized leaf material was resuspended in a mixture of tetrachlorethylene (C 2 Cl 4 ) and n-heptane (C 7 H 16 ). As described in the protocol [24], a density gradient of this mixture was applied to separate the specific compartment densities within the suspension. To determine the distribution of the compartments across the gradient, compartment-specific marker enzyme activities were determined and correlated with the relative metabolite levels. The resulting fractions were extracted and prepared for GC-TOF analysis as described in the following paragraph. Marker enzymes were pyrophosphatase (plastid), UDP-glucose pyrophosphorylase (cytosol) and acid phosphatase (vacuole). This revealed the relative subcellular metabolite distribution across the compartments. To determine the absolute compartment-specific metabolite concentration, values of relative distribution were multiplied with the absolute total metabolite concentration determined by GC-ToF-MS analysis (see next paragraph).
GC-ToF-MS analysis
Primary metabolite concentrations were absolutely quantified via gas chromatography coupled with time-of-flight mass spectrometry applying a previously published protocol with slight modifications [59, 60] . Frozen leaf samples were ground to a fine powder using a ball mill (Retsch GmbH, Haan, Germany). Primary metabolites were extracted twice with a methanol-chloroform-water mixture (MCW, 5/2/1, v/v/v) followed by an extraction step with 80% ethanol in which the samples were heated to 80°C for 30 min. Water was added to the MCW supernatant to induce a phase separation. The polar phase was then combined with the ethanol extract and dried in a vacuum concentrator (ScanVac, LaboGene). The dried extracts were derivatized by methoximation (Methoxyamine hydrochloride in pyridine) and silylation (N-Methyl-N-(trimethylsilyl) trifluoroacetamide). For methoximation, samples were incubated for 90 min at 30°C. For silylation, samples were incubated for 30 min at 37°C. Derivatized samples were transferred into glass vials which were sealed with a crimp cap. GC-ToF-MS analwas performed on an Agilent 6890 gas chromatograph (Agilent Technologies 
IC-MS analysis
Nucleotides and phosphorylated sugars were extracted using a cooled 80% methanol solution. Samples were extracted twice and supernatants were pooled and filtered through a 10 lm polyethylene filter (MobiSpin Column "F", MoBiTec GmbH, Goettingen, Germany) prior to measurement. Concentrations of nucleotides and phosphorylated sugars were determined on a Dionex TM ICS-4000 Capillary HPIC system (Thermo Fisher Scientific, Waltham, Massachusetts, USA) coupled with a triple quadrupole mass spectrometer (TSQ Vantage, Thermo Fisher Scientific, Waltham, Massachusetts, USA). Substances were chromatographically separated within a KOH gradient (2 mM to 120 mM) with a flow rate of 0.015 ml min À1 and a total gradient duration of 25 min (Column: Dionex IonPac TM AS11-HC-4 lm, RFIC TM Capillary, 0.4 9 250 mm). Relative concentration was determined by integrating peak areas of selected reaction monitoring (SRM). Mass transitions and collision energies for SRM were chosen according to previously published protocols (see, for exmaple, [61] ). Retention time and SRM settings of AMP, ADP, ATP, G6P and F6P were validated using chemical standards (Sigma-Aldrich, St. Louis, USA). Peak areas were quantified using the Thermo Xcalibur software (Version 2.3.26; Thermo Fisher Scientific, Waltham, Massachusetts, USA).
Measurement of enzyme activities
Activity of neutral, acid and cell wall-associated invertase was measured as described previously with small modifications [47]. In brief, about 100 mg of frozen and finely ground powder of leaf material was suspended in 50 mM HEPES-KOH (pH 7.4), 5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM phenylmethylsulfonylfluoride (PMSF), 5 mM dithiothreitol (DTT), 0.1% Triton-X-100 and 1% glycerine. Suspensions were centrifuged with 21,000 g at 4°C for 5 min and the supernatant was transferred to a new reaction tube. Neutral and soluble acid invertase activity was determined in the supernatant while cell wall-associated invertase was assayed from the resuspended pellet. Soluble acid invertase and cell wall-associated invertase activity were determined in 20 mM Na-acetate buffer (pH 4.7) and 100 mM sucrose as substrate. Neutral invertase was assayed in a 20 mM HEPES-KOH (pH 7.5) buffer and 100 mM sucrose as substrate. The control, that is, blank, sample was heated to 95°C for 3 min before the addition of plant extracts. All reactions were incubated for 20 min at 30°C and stopped by boiling for 3 min. The glucose concentration of each sample was determined photometrically.
Glucokinase and fructokinase activity was assayed as described earlier [62] . Synthesized glucose-6-phosphate was converted to 6-phosphogluconolactone by G6P-dehydrogenase and could be measured photometrically by changes in concentration of the reduced cosubstrate NADPH. For isomerization of F6P, which was synthesized by fructokinase, phosphoglucoisomerase was added, and the formed Glc-6-P was determined as described for glucokinase.
RNA extraction and RT-qPCR
Total RNA was extracted from 100 mg leaf material by TRI-Reagent (Sigma-Aldrich) following the manufacturer's protocol. To degrade residual DNA, DNase treatment was conducted with RQ1 RNase-Free DNase (Promega, Madison, USA), followed by examination of RNA integrity on a 1.5% Agarose gel after heating an aliquot in loading buffer containing 58% formamide and 7% formaldehyde to 65°C for 10 min. M-MLV Reverse Transcriptase, RNase H Minus, Point Mutant (Promega, Madison, USA) was used to create cDNA from 1 lg of RNA. To rule out genomic DNA contamination, the primers for acidic invertase and neutral invertase, which were also used for qPCR and each span one intron, were tested in a PCR reaction with the cDNA as template. The products were analysed on a 1% agarose gel to check for the prevalence of a second, longer band, which would indicate residual genomic DNA. Finally, 1 ll of a 1:10 dilution of cDNA was used in qPCR reactions, which contained 0.9 mM MgCl 2 , 0.09 mM dNTPs, 0.72 lM primers and SYBR Green (Sigma) as dye. Three biological replicates per genotype and five technical replicates were used for qPCR, which was run in a Master- 
Mathematical modelling and statistics
Mathematical modelling and numerical simulation of sucrose metabolism was performed within the software environment MATLAB Ò (www.mathworks.com) using the SBPOP package (http://www.sbtoolbox2.org/main.php) [64] . The mathematical model consisted of six ordinary differential equations (ODEs) describing time-dependent changes in concentrations of sucrose (Suc), glucose (Glc) and fructose (Frc) both in the cytosolic (cyt) as well as the vacuolar (vac) compartment. A graphical representation of the model structure is provided in the supplements (Fig. S3) . All model reactions were assumed to follow Michaelis-Menten kinetics (Eq. 1), except for the input flux (modelled by constant flux) as well as the output flux (modelled by mass-action kinetics).
Here, v denotes the reaction rate, v max is the maximum enzyme activity determined under substrate saturation, K M represents the Michaelis-Menten constant, that is, enzymatic substrate affinity, and [S] is the substrate concentration. Reaction products of sucrose cleavage, that is, the free hexoses glucose and fructose, inhibited invertase activity competitively (fructose) and noncompetitively (glucose) [65] . The experimentally determined v max values were adjusted to the treatment temperature (control: 22°C; stress: 5°C) applying the Arrhenius equation as described earlier [33] . Furthermore, all kinetic parameters were estimated using a combination of global and local parameter optimization. In a first optimization step, kinetic parameters were estimated using a particle swarm pattern search algorithm for bound constrained global optimization [66] . In a second step, the model containing the globally optimized parameter set was subject to a fit analysis, that is, a repeated perturbation and optimization to yield information about reproducibility depending on the parameter values. This second optimization step was performed in 100 replicates using a downhill simplex method in multidimensions [67] . Results of this fit analysis are provided in the supplement (Fig. S4) .
Statistical analysis was performed with R (https://www.rproject.org/) and R Studio (https://www.rstudio.com/). 
Supporting information
Additional supporting information may be found online in the Supporting Information section at the end of the article. Principal component analysis including all variables, that is, primary metabolites, after autoscaling. Metabolite concentrations were scaled by subtracting the mean value and dividing by the standard deviation, that is, zero mean-unit variance. Fig. S2 . NAF relative distribution. Fig. S3 . Model graph. Fig. S4 . Parameter boxplots. Fig. S5 . Arrhenius corrections. Fig. S6 . SBML model of subcellular sucrose/hexose metabolism. Fig. S7 . Fv/Fm of moderate stress conditions. Fig. S8 . NPQ of subzero stress conditions. Fig. S9 . qP of subzero stress conditions. Fig. S10 . Relative mRNA levels N 0 of cytosolic Invertase (A) and vacuolar Invertase (B) of Col-0 (red) and inv4 (cyan).
